A methodology has been developed for the simulation of induced fit between a ligand and its target protein. It utilizes constrained molecular dynamics where atoms determined to be immobile from difference distance matrix studies are fixed. Application of this methodology to HIV-1 reverse transcriptase (RT) as the example target protein has demonstrated its robustness. Short simulation times are sufficient to achieve good refinement of docking poses resulting from exchange of structurally dissimilar inhibitors between crystal structures. 
Introduction
The use of computer aided molecular design for the development of better therapeutics and for the greater understanding of protein structure and function is well established and these techniques have already had a direct impact on the establishment of new therapeutics on the market. However, most such studies have used the modified 'lock-and-key' approach where the conformational diversity of the small molecule ligand is taken into account, but the 'high molecular weight' ligand binding site (e.g. enzyme, receptor) is considered rigid. While significant successes have arisen from such a strategy, it limits the outcomes available as it ignores a common situation -most enzymes and receptors are flexible and contribute to ligand binding with a significant conformation change (induced fit). While Garner, J.; Deadman, J.; Rhodes, D.; Griffith, R.; * Keller, P. A. * A New Methodology for the Simulation of Flexible Protein -Ligand Interactions. J. Mol. Graph. Model. 2007, 21, 363-373. 2 earlier studies might have been hampered by a lack of computational power to investigate the flexibility of large molecules, the situation is rapidly changing and consequently, new methodologies are beginning to emerge. The significant further development of such techniques is not only critical for the understanding of protein function and the development of novel ligands as potential medicinal agents, it is also required to complement the enormously increasing bank of data arising from structural genomic studies. At this stage, this field of protein flexibility in computer-aided molecular design is still in its infancy.
Conformational change upon ligand binding is fundamental in protein behaviour for both enzymes and receptors with knowledge of the mechanistic machinery of a protein permitting a greater understanding of its function. Important to the understanding of structure-function relationships are the large scale collective movements of proteins upon binding of substrates and/or inhibitors, agonists and/or antagonists [1] . The understanding of these complex processes and functions is currently only partially addressed. It is imperative that such dynamic actions are investigated as the ability to predict new conformations/pocket shapes for ligand binding allows better potential medicinal agents to be designed and investigated and is likely to lead to better activity through new binding interactions.
Therefore, the ability to use computer-aided drug design (CADD) techniques to predict conformational changes in macromolecules, e.g. proteins, opens enormous possibilities that can be extended to investigations into protein motion and mechanics, modes of action and blocking, and proposed binding cavity conformations for both substrates/agonists and potential inhibitors/antagonists. The ability to successfully generate such a model leads to a superior understanding of the fundamental components of the protein 'machine' as well as opening up large tracts of ligand diversity for potential therapeutic intervention by enzyme inhibition or interference with receptor signalling.
The major reason that the application of CADD to the flexibility of proteins has been generally avoided is due to the enormous conformational space available to such systems resulting from the increasing number of degrees of freedom. Current methods apply constraints to restrict the range of flexibility investigated to a manageable level and these have been recently reviewed [2] [3] [4] . They include the development of structure-based pharmacophores using several protein structures to account for the flexibility [5] . algorithm development for the dynamic rearrangement of amino acid side chains [6] and the use of weighted masses molecular dynamics (WMMD) for the prediction of mobile domains within proteins [1] . Each of these methods has its own limitations e.g. some are limited to investigations of Garner 3 singular conformational changes rather than trajectory path simulations, or pocket flexibility investigations being limited to amino acid chain movements which do not consider the potential for the protein backbone to change conformation.
We report here our first results using a new technique for the incorporation of protein flexibility into structure-based computer-aided molecular design studies. Fundamental to our approach is the incorporation of information obtained with the aid of difference distance matrix comparisons about individual atoms of a protein structure with respect to how much they move upon substrate or ligand binding. The ability of these atoms to either not move or move by up to a defined distance is then built into molecular dynamic runs which allow atoms to move within those defined constraints.
General Methodological Principles
Our methodology aims to simulate the induced fit including potential conformational movements of both the ligand and the protein in a manner allowing structure based CADD on reasonable time scales.
Crucial to this is the incorporation of restrictions on the motion of specific amino acid residues as well as the incorporation of information derived from all possible sources of the protein under study, e.g. crystal structures, nmr structures and computer-aided design models. Hence, the dynamic space that is sampled by the simulation will correlate more strongly to known motions, leading to a shorter simulation run required, and a higher probability of simulating the 'real' ligand-target interaction.
Difference distance matrices have been utilized to analyse the range of movement that occurs when a ligand binds to the target protein.
This methodology is broadly applicable, with accuracy mainly dependant on the number of structures available of the protein to be investigated. We have used the Human Immunodeficiency Virus (HIV-1) enzyme Reverse Transcriptase (RT) (Figure 1 ) as the example in this work, due to its extensive flexibility, the variety of structural classes of known inhibitors (most common examples see Figure 1 ), and the large pool of crystal structures available for analysis. The majority of inhibitors crystallized with RT belong to the non-nucleoside RT inhibitor class (NNRTI) which allosterically bind in a flexible hydrophobic pocket (the non-nucleoside inhibitor binding pocket -NNIBP) which does not exist in the native enzyme, but is created upon inhibitor binding. All available crystal structures were utilized that meet general, non-RT specific, requirements classified by resolution, completeness, and collection method. The 'front' view of the structure of HIV-1 RT (ribbon representation). The commonly identified regions are indicated as follows; fingers (purple), palm (green), thumb (yellow), connection (red), RNase H (orange), and p51 subunit (dark blue). The location of a typical inhibitor (NNRTI)(yellow space filling) and the polymerase active site (PAS) (aqua space filling) are also shown (all atoms). Example NNRTIs investigated in this study are also shown. The source pdb files for these structures are indicated in parentheses.
Determination of immobile atoms
Using our implementation [7] of the well documented difference distance matrix method [8] , the movements of atoms/residues that occur after a ligand binds to a protein can be described via comparison to the unliganded protein. The method can also be used to group atoms that move in any defined range (e.g. 0-2 Å, 2-5 Å, etc.), but the primary function is to find those atoms that never move upon the binding of any ligand. In this method an immobile atom has been defined as one that only moves between 0-2 Å in all crystal structures. The immobile atoms are then fixed during the molecular dynamics simulation, cutting down the computational time required. Additionally, this subset of atoms is used to superimpose structures for analysis. This superimposition method has the benefit of being impartial, removing any bias occurring when arbitrarily defined superimposition subsets are used [9] [10] [11] [12] . Whole protein simulations in conjunction with whole protein superimpositions for analysis of results can then be performed.
Progression of the Methodology
The methodology was tested against systems of increasing complexity, in order to understand its limitations and to enable rapid modification of the methodology when problems were observed. Firstly, Garner 
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Determination of immobile atoms
Our original subset of immobile atoms determined using difference distance matrices with our in-house software (Proflex 2.0) [7] was reassessed because of the larger pool of structures now available (67 vs. 19 ). Stricter selection criteria for construction of this subset could be applied and consequently, only 10 of the 19 crystal structures originally examined were used in this study. The average resolution of the new crystal structure set is 2.77 Å (standard deviation (SD) 0.21), which is a modest improvement over the original set (2.85 Å, SD 0.35). The large size of the RT protein (nearly 1000 amino acids) does not allow comparison of all-atom distance matrices of all 67 crystal structures. Thus, we only compared C α atoms. The subset of immobile residues is comprised of 302 C α atoms, a decrease of 20% from the previous subset (376 C α atoms), exhibiting 70% identity to the original subset, with most of the differences (66%) occurring in the p51 subunit. A cluster analysis of the subsets formed by comparing crystal structures with the same crystal packing (space group), showed that there were no significant differences in the subset caused by crystal packing artefacts. This refinement indicates that if only a few crystal structures are available, a robust subset of immobile residues can still be identified, as a large increase in the number of structures analysed has not resulted in a fundamentally different subset of immobile residues (here subsequently referred to as the superimposition subset). Garner 
Calibration of simulation time
A balance needed to be struck between computation time and completeness for the methodology development. The length of the molecular dynamics simulation was chosen such that the total energy and root mean square difference (RMSD) * had both appeared to reach equilibrium during the production step (an observed plateau over the last 0.025 ns). The structure chosen for the calibration of simulation time was 1s6p, which is crystallized with ligand 1 known to have high activity against native HIV-RT, but poor activity against strains with common mutations [13] .
The optimum simulation time that met these criteria was determined to be 0.175 ns. Comparative runs were performed on an unconstrained system and a system with fixed atom constraints applied to the residues of the immobile subset as determined above. The constraints smoothed fluctuations in the RMSD and improved the time to convergence, even though the change in total energy took a similar path in both systems ( Figure 2 ). As a practical consideration, while the determination of the immobile residues was only performed on the C α atoms (see above) the fixed atom constraint in the dynamics simulation was applied to the whole residue in the superimposition subset. 
Method Development. Stability of Crystal Structures
Five RT crystal structures (1suq, 1sv5, 1s6q, 1s9e, 1s6p) [13] were analysed to investigate the extent of protein-ligand motion over the sampling time of the dynamics simulation. These crystal structures were selected due to their good resolution (average of 2.87 Å) and complete sequence of residues, allowing simulations to be performed on structures that did not need to be artificially completed. An 8-step experiment was employed (Scheme 1, path A), comprising a 3-step minimization (with the output designated the minimized structure), followed by a 3-step dynamics protocol and 2-step minimization (with the output designated the relaxed structure). Fixed atom constraints were applied to the immobile atoms during the heating, equilibration, and production steps of the dynamics protocol. Each relaxed structure was compared by superimposition (using the C α atoms of the superimposition subset) to the minimized structure. In each of the simulations the total energy and RMSD both reached an acceptable equilibrium during the production step ( Figure 3) , with the higher observed RMSD of 1s6p attributed to it being crystallised with the ligand with the lowest affinity in the series. Garner 
Method Development. Minimization of structures after molecular dynamics
In an early version of the methodology, the final 2-step minimization was performed on the last frame of the production step (Scheme 1). After comparison by superimposition, two of the relaxed structures had poorer superimpositions compared to the other structures, with an average RMSD of all the superimpositions of 1.74 Å (SD 0.67). Examination of the production trajectory of the poorer simulations indicated that the frame with the minimum energy occurred much earlier in the simulation compared to those structures with better superimpositions. Therefore, the methodology was modified such that the minimum energy structure was isolated from the trajectory of the production step, and then minimized with the 2-step protocol to obtain the relaxed structure.
After this modification the average RMSD of superimposition was 1.11 Å (SD 0.12) which compares remarkably well to the average RMSD of both the equilibrium (1.78±0.65 Å) and production steps (1.91±0.23 Å), especially when performing superimpositions utilizing large atom sets.
Method Development. Analysis and Validation
The average movement of the various structural domains was consistent ( 14 The robustness of an experiment was also examined by plotting the distribution of the count of atoms versus the distances they moved (Figure 4 ), e.g. 0-0.5 Å, 3.5-4 Å, during the relaxation simulation. This was performed as the RMSD of superimposition could still be acceptable even if there had been a significant problem in the dynamics simulation. A successful simulation generated a skewed distribution with most of the atoms moving <1 Å, while simulation problems could be identified by a significant deviation from this distribution. An example with 1s6q, occurred early in the methodology development, where despite an acceptable RMSD of 1.76, the atom movement distribution was so dissimilar to the other relaxations ( Figure 4 , dashed line) that it prompted further investigation of the experimental conditions, exposing an initial atom typing error. 
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incoming dNTP. The phenyl ring of Phe227 rotates from a 'down' to an 'up' position as exemplified with 1suq ( Figure 6 ). This was observed in many of the simulations performed during the methodology development, and was attributed to the simulation capturing a 'snapshot' of the dynamic equilibrium between two energetically favourable conformations. Interestingly, Phe227 exhibits different exposure in these conformations; in the 'down' position it is exposed from the 'back' of RT ( Figure 6 , bottom left), and from the 'front' in the 'up' position ( Figure 6, top right) . While the other residues of the NNIBP exhibit similar surface exposure when minimized and relaxed, Phe227 is hidden from the back of the relaxed structure ( Figure 6, bottom right) . Additionally, the ligand is further exposed at the back of the pocket. This result may have implications on a possible mechanism for the entrance of the ligand into the binding pocket (which is presently unknown) as the rotation of this residue enlarges the solvent accessible portion of the NNIBP. Overall the relaxation of the crystal structures indicated that only small differences occur in the protein conformation (and specifically the NNIBP) when compared to the minimized structures. These results are encouraging, suggesting that our molecular dynamics simulations, where around one third of the enzyme is fixed, do not distort the geometry of the original ligand-bound crystal structure. Garner 
Ligand Exchange. Exchange of similar ligands
The ability of the methodology to use one crystal structure to predict the induced fit of different ligands was tested by choosing a pair of crystal structures from the relaxation study, exchanging the ligands, and applying the simulation protocol in an attempt to recreate the original situation. A modified protocol was used taking the minimized structures from the relaxation study for the exchange of a ligand, which was inserted by superimposition of the two crystal structures and deletion of unwanted elements (Scheme 1, path B) . In a typical example the simulation of the induced fit from the exchange of the ligand (Figure 1, 2 ) from 1suq into 1s6p had an RMSD of 1.70 Å when compared to minimized 1suq.
The ligand exchange analysis, using the same methods as the relaxation study, showed that with ligands of the same structural class, reproducible results on position and orientation of the ligand in the binding pocket could be achieved. There were only moderate changes in the position of the binding pocket residues, with major conformational changes isolated to the previously observed Phe227, Leu101 and Val179 movements.
Ligand Exchange. Exchange of dissimilar ligands
A more practical application of the method was to attempt to simulate the induced fit of known ligands with available crystal structures, but from a different structural class. Nevirapine 4 and efavirenz 5 ( Figure 1 ) were selected as there are multiple high resolution structures available with these inhibitors bound. The crystal structures containing 4 (from 1fk9) and 5 (from 1vrt) were minimized using the 3-step protocol and the ligands were superimposed into 1s6p after which the methodology (Scheme 1, path B) was applied to attempt to recreate the original induced fit (Figure 7) . Garner There was significant agreement between the original fit in the crystal structures and that predicted from the molecular dynamics simulations. The conformation of each ligand is excellent, but expected considering the rigidity of these particular inhibitors. The position of each ligand is close (average atom displacement for 4 (1.25 Å) and 5 (1.68 Å)), with a downward twist towards Tyr181 and Tyr188 observed for both inhibitors, with Tyr318 accommodating these changes with a sympathetic move downwards. There is some reorientation of the aliphatic sidechains as has been previously observed in the relaxation studies.
Ligand Exchange. Prediction of ligand conformation in RT mutants
Crystal structures are available of nevirapine and efavirenz bound with RT with numerous single-point mutations in the binding pocket. A clinically important mutation occurs at Lys103Asn, in which nevirapine exhibits 5-fold less binding affinity when compared to native RT, and has been crystallized (1fkp) [15] . To simulate the induced fit of a ligand in a mutated protein, nevirapine 4 was sourced from 1vrt in its native binding mode and was superimposed into the crystal structure of 1sv5, the Lys103Asn mutant structure that originally contained the bound inhibitor 3. The methodology (Scheme 1, path B) was applied, and the relaxed structure was then compared to the minimized structure of 1fkp (nevirapine bound to Lys103Asn RT mutant) (Figure 8 Unlike the pool of crystal structures used for the relaxation study, the mutant crystal structures 1fko and 1fkp had a different orientation of the Trp229 sidechain compared to their respective ligand bound native structures and the source of RT for the exchange (1sv5). This difference explains the relatively poor fit in these simulations. As the Trp229 indole sidechain still maintains one of the important π-stacking orientations with the ligand it is unlikely to 'flip' in the timescale of our simulations. The original source [16] does not propose why these differences have occurred or if they are artefacts of the data collection, or how important this is for the function of the mutated RT.
Ligand Exchange. Induced fit of very large ligand
The limits of the present methodology were determined by attempting to simulate the interaction of a known ligand which would have a poor initial fit. The ligand delavirdine 6 (1klm) is a large ligand (Figure 1 ) with a different binding mode to those investigated so far (Figure 9 ). The ligand is partially exposed to the solvent from the back of the NNIBP between Val106 and His236. Initial [17] . Difference distance matrices were calculated with Proflex 2.0, a software package developed in-house (available upon request) [7] .
Average run time for a molecular dynamics protocol was 48 h.
Crystal Structure Selection Criteria
All available HIV-1 RT files were downloaded from the RCSB PDB [18] . Nine structures were excluded from this study as they had a crystal structure resolution >3.0 Å. Three crystal structures were excluded (3hvt, 1hni, 1hnv) as a significant number of residues had been modelled as alanine during refinement. Three structures were excluded (1klm, 1rev, 1rtj) because they resulted from the soaking out of a ligand which was then replaced by another. Comparisons using Proflex 2.0 indicated that these structures were essentially identical to the crystal structure from which the ligand was soaked out.
Crystal structure 1dlo could not be excluded even though it contained residues that were treated as alanine during refinement. This was the highest resolution crystal structure that was available of the unliganded (native) enzyme. It was chosen over 1hmv or 1rtj due to its higher resolution and data completeness, and because of the known irregularities in the crystal collection method of 1rtj [19] . This resulted in a set of 67 structures suitable for analysis.
Immobile Atom (Superimposition) Subset Determination
The immobile atom (superimposition) subset was created using Proflex 2.0. Briefly, DDMs were calculated in an automated 2-step process. Firstly, an n × n square distance matrix (DM), where n is the number of residues in the protein, is constructed by calculating all distances r ij between the C α atoms of the i th and j th amino acids. Model. 2007, 21, 363-373. not superimposed, the corresponding distances r ij A and r ij B will be identical, and so the difference ∆r ij is equal to zero. However, if a residue x is in a different position in one structure it will have different distances to every other residue j in the protein and the differences in the DDM will be nonzero for every ∆r ij value where i = x. Thus, regions of dissimilarity between the two structures will appear as clusters of nonzero difference values in the DDM, with the value of ∆r ij indicating the magnitude of conformational change. DDMs can also be calculated for all atoms for any part of the protein to be compared.
Each crystal structure was compared to 1dlo, the unliganded native structure of HIV-1 RT. The 66 crystal structures were aligned to 1dlo using align homologous sequence, comparing C α atoms only.
The subset of atoms that differed only by ∆r ij 0-2 Å was calculated using the default threshold settings (determined on the total number of points within the DDM that are within the subset range to be analysed, as a percentage of the total number of points within the matrix). The 66 subsets were then merged with Proflex 2.0 to find the atoms common to all subsets producing a superimposition subset of 318 C α atoms. Following comparison of this subset with the collection method data of 1dlo, an additional 6 C α atoms were excluded as they were treated as alanine in the original 1dlo refinement:
these residues were p66 Subunit; Glu194, Glu203, Gln407, Trp414, p51 subunit; Glu36, and Gln407.
Additionally, the 10 C α atoms of the NNIBP that appeared in the superimposition subset were also 
Molecular Dynamics Simulation Procedure
Structure Preparation
Each structure was imported into DS Modeling 1.1 using the Clean option (Fix incomplete or incorrect residues, add termini (pH 7), and add missing hydrogens). Waters of crystallization were deleted (1klm, 1s6p, 1vrt). The bond order of the ligand was corrected (introducing aromaticity, double bonds etc.) and then hydrogens were added to the ligand. Each structure was atom typed using the Accelrys ® CHARMm forcefield [20] .
Protocol -Crystal Structure Relaxation
Each crystal structure was subjected to a stepwise minimization and relaxation using the CHARMm (Version 29b1) [21] molecular dynamics module as implemented in DS Modeling 1.1. The system was an in vacuo simulation using default non-bonding parameters (cutoff: 13.50; cutoff-on: 8.00; cutoff-off:
12.00). The structure was minimized with Steepest Descent for 3000 steps (Grad. Tol. 0.1) with all non-hydrogens explicitly fixed (i.e. minimization of all hydrogens). The structure was minimized with Steepest Descent for 3000 steps (Grad. Tol. 0.1) with no constraints. The structure was minimized with Adopted Basis-set Newton-Raphson (ABNR) for 30,000 steps (Grad. Tol. 0.01) with no constraints.
The output structure was designated the minimized structure. The gradient tolerance was required to converge during this step. The system was heated to 300K over 2,000 steps (all atoms of 0-2_Subset explicitly fixed), then equilibrated for 10,000 steps (0-2_Subset explicitly fixed). Molecular Dynamics (NVT) (i.e. Production) was run at 300K, for 175,000 steps (0.175 ns) with data saved every 1000 frames (0-2_Subset explicitly fixed).
Early in the method development the system was minimized at this point using steepest descent (Grad.
Tol. 0.1) for 2,000 steps, and then ABNR for 30,000 steps (Grad. Tol. 0.01) with no constraints.
Convergence was reached during this step and the resulting structure was designated the relaxed structure. Garner 
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Later methodology development required the frame with the minimum energy from the production step to be identified with the Analysis module. The same 2-step minimization was applied on this frame, as above, until convergence was reached to achieve the relaxed structure. The ligand exchange simulations were performed using minimized crystal structures (the output structure from the first three steps of the relaxation protocol). The crystal structure from which the ligand was sourced was superimposed on the second crystal structure using the superimposition by alignment of defined residues as implemented in DS Modeling 1.1, using the superimposition subset determined with Proflex 2.0. The ligand was copied from the transformed crystal structure and pasted into the model system and the original ligand was deleted. The system was then retyped. Due to a reported bug in DS Modeling 1.1, structures are required to be retyped when the file has been modified, even if they have been previously typed. Before this is performed it is critical that from the forcefield typing options dialogue box the fix peptide and crystallographic water option is deselected, otherwise, when the structure is retyped, the aromatic NH protons of all the histidine and tryptophan residues will be deleted.
Ligand Exchange Simulations
The dynamics simulation was a 7-part stepwise protocol. The system was minimized by steepest descent for 3,000 steps (Grad. Tol 0.1) with all the atoms of RT explicitly fixed so the ligand could adjust for bad contacts arising from the superimposition. The system was then minimized by ABNR for 30,000 steps (Grad. Tol. 0.01) with no constraints. The gradient tolerance was required to converge during this step. The system was heated to 300K over 2,000 steps (0-2_Subset explicitly fixed), then equilibrated for 10,000 steps (0-2_Subset explicitly fixed). Molecular Dynamics (NVT) was run at 300K, for 175,000 steps (0.175 ns) with data saved every 1000 frames (0-2_Subset explicitly fixed).
The frame with the minimum energy was then minimized using steepest descent (Grad. Tol. 0.1) for 2,000 steps, and then ABNR for 30,000 steps (Grad. Tol. 0.01) with no constraints.
Protocol -Exchange with dissimilar ligands
The crystal structure from which the dissimilar ligand was sourced was minimized as described previously. Note that while these structures contained incomplete domains, no attempt was made to reconstruct missing residues. The intention was only to minimize the structure with hydrogens added in the new forcefield, the previous results indicated that there would likely be no significant deviations Garner 
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from the crystal structure. The ligand was then superimposed onto minimized 1s6p as described previously and the 7-part stepwise protocol applied as described for the exchange with similar ligands.
Protocol -Ligand exchange into RT mutant
The crystal structures from which nevirapine was sourced (1vrt, native) and compared (1fkp, Lys103Asn mutant) were both minimized as described previously. The ligand was then superimposed into minimized 1sv5 as described previously and the 7-part stepwise protocol applied as described for the exchange with similar ligands. The relaxed structure was compared by superimposition to minimized 1fkp.
Discussion
Our newly developed method for the simulation of induced fit between a ligand and its target protein is based upon a desire to account for complete protein and ligand flexibility, while at the same time restricting computational effort. We achieve this balance by taking into account the wealth of information available from crystal structures of the protein under study in different conformations.
Using the example of the HIV-1 reverse transcriptase (RT) enzyme, we have analysed 67 crystal structures in different conformations with our difference distance matrix (DDM) technique. We confirmed our previous finding [7] with a smaller set of crystal structures, that approximately one third of this large protein (nearly 1000 amino acids) remains immobilized, regardless of whether substrate analogues, or competitive or allosteric inhibitors, or none of these are complexed to the protein.
It therefore seemed reasonable to fix those immobile residues during our molecular dynamics (MD) simulations so as to avoid computational effort being expended on those parts of the protein which are highly unlikely to move. For the same reason of minimizing computational effort, simulations have been performed in vacuo. This was considered reasonable for the very hydrophobic pocket of RT, where water molecules are not always crystallised, and the ones that are present do not cluster in defined regions in space. If dealing with a less hydrophobic pocket, consideration should be given to the inclusion of explicit solvation of the binding pocket or the use an implicit solvent model.
To validate our method, we needed firstly to subject a number of crystal structures with complexed non-nucleoside inhibitors to our constrained simulation protocol to ensure they would not be distorted. 
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Results showed that average atom movements were small (Table 1 ) and fast convergence of energy and changes in geometry (as measured by RMSD) were observed. Even though the atoms of the non nucleoside inhibitor binding pocket (NNIBP) were excluded from the set of constrained atoms, we found that they moved little during the MD simulations. This highlights the stabilization of the binding site by the ligand, and also shows that fixing one third of the protein does not result in distortions during MD simulations.
Interestingly, the crystal structure with the ligand of the lowest affinity of the five structures tested showed the largest deviation from the original crystal structure after the simulations. The next step in the development of the new constrained MD method resulted in successful ligand exchanges between crystal structures. The fit of structurally dissimilar inhibitors, such as nevirapine and efavirenz (Figure 1 ), could be simulated satisfactorily. In particular it was encouraging to be able to observe the same interactions between the ligands and the RT after the simulations as those in the original crystal structures.
In accordance with the findings for crystal structure relaxation, it proved more difficult to simulate the fit of nevirapine into a mutant enzyme, to which nevirapine binds with reduced affinity.
Finally, the simulation of the fit of a large ligand with a different binding mode was attempted and proved moderately successful.
Conclusion
Our new methodology of determining suitable constraints and then applying these in MD simulations has been shown to be robust in not introducing distortions. We have been able to simulate the induced fits of ligands into preformed binding pockets. Short simulation times are sufficient to achieve good fits. This makes this method ideally suited to the refinement of results from automated docking procedures, with only a small computational effort. We are further developing our constrained MD methodology for simulating induced fit to overcome its limitations. We are currently restricted to modelling "well-fitting" ligands, that is, those that show high affinity and are not too large to fit into the preformed pocket. In order to model successively larger changes in protein conformation, we propose to introduce a more complex environment of constraints of varying types and strengths around the binding pocket, which will allow more flexibility, but will necessitate longer simulation times.
